Abstract. The aurorae at Jupiter are made up of many different features associated with a variety of generation mechanisms. The main auroral emission, also known as the main oval, is the most prominent of them as it accounts for approximately half of the total power emitted by the aurorae in the ultraviolet range. The energy of the precipitating electrons is a crucial parameter to characterize the processes at play which give rise to these auroral emissions, and the altitude of the emissions directly depends on this energy. Here we make use of far-UV (FUV) images acquired with the Advanced Camera for Surveys on board the Hubble Space Telescope and spectra acquired with the Space Telescope Imaging Spectrograph to measure the vertical profile of the main emissions. The altitude of the brightness peak as seen above the limb is ∼ 400 km, which is significantly higher than the 250 km measured in the post-dusk sector by Galileo in the visible domain. However, a detailed analysis of the effect of hydrocarbon absorption, including both simulations and FUV spectral observations, indicates that FUV apparent vertical profiles should be considered with caution, as these observations are not incompatible with an emission peak located at 250 km. The analysis also calls for spectral observations to be carried out with an optimized geometry in order to remove observational ambiguities.
depends on the energy of the precipitating charged particles: the more energetic, the deeper they release their energy to the background atmospheric particles and the deeper the subsequent light emissions. There are two ways to estimate the altitude of the auroral emissions at Jupiter. The most common but somewhat indirect one is based on the so-called color ratio. As the methane density decreases sharply above the homopause (around 350 km above the 1 bar level, considered as the reference level hereafter), the ratio of unabsorbed emissions over absorbed emission is indicative of the atmospheric depth at which the emission took place (Yung et al., 1982) . This FUV color ratio is usually defined as the ratio of H 2 emissions from 155 to 162 nm over H 2 emissions from 123 to 130 nm, both expressed in kR. Assumptions on the energy distribution of the precipitating electrons and on the vertical distribution of methane in the atmosphere allow the conversion from the color ratio to the energy of the precipitating electrons. Based on color ratio measurements in the main emission, Gustin et al. (2004) showed that the precipitating energy flux, which ranges between ∼ 2 and ∼ 30 mW m −2 , is indeed positively correlated with the electron mean energy, which ranges from ∼ 30 to ∼ 200 keV on the dayside.
The second method consists of directly measuring the vertical profile of the emission above the limb. However, such a measurement requires a good understanding of the location of the limb and an observing geometry such that auroral emission lies in the limb plane rather than in front of it or behind it. So far, the most accurate measurements of the altitude of the main emission have been derived from five images of the post-dusk sector in the visible wavelength by Galileo's Solid State Imaging (SSI) system (Vasavada et al., 1999) . The altitude of the brightness peak of these emissions was measured to be 250 km above the limb of the planet. Similar to FUV auroral emissions, such visible emissions arise from the deexcitation of H 2 molecules and H atoms (James et al., 1998) . More specifically, these emissions mainly consist of continuum emission from triplet states of H 2 and Balmer series lines of H following the dissociative excitation of H 2 . Hence the visible vertical emission profile is expected to be very similar to the one observed in the FUV. Similar measurements, but with a much lower spatial resolution, have been performed in the infrared K band from the Subaru telescope (Uno et al., 2014) . The peak altitude determined for the H 2 quadrupole emissions, which result from processes similar to those leading to the visible and UV emissions, is much higher: 590-720 km. Hubble Space Telescope (HST) FUV images regularly display portions of the main emission above the planetary limb, making it possible to directly measure its vertical emission profile on the nightside. Cohen and Clarke (2011) found some significant hemispheric differences in the scale height of the FUV emissions at a high altitude above the limb, which they attributed to temperature differences between the two polar regions. But they did not examine the peak altitude of the emissions, which reflects the energy of the precipitating electrons. The statistical analysis carried out in Sect. 2.1 shows that the apparent peak altitude on the nightside is significantly higher than the one from the Galileo observations. However, we show in Sect. 2.2 that a good understanding of the impact of hydrocarbon (and more specifically methane) absorption is necessary before we can draw firm conclusions from this apparent FUV peak altitude.
2 Observations of the nightside main emission above the limb
Imaging observations of the vertical profile
The extraction of the vertical brightness profiles above the limb requires not only a high spatial resolution but also the precise determination of the 0 km reference level, assigned to the 1 bar level. For this reason, we use the large data set of 1663 images acquired with the Solar Blind Channel (SBC) of the Hubble Space Telescope's Advanced Camera for Surveys (ACS). This channel is dedicated to the far UV in the range from 115 to 170 nm and has a plate scale of 0.032 arcsec pixel −1 . Two filters have been used to observe Jupiter's aurorae: the F115LP filter, which includes the H Lyman-α line, and the F125LP, which does not. ACS-SBC is known to be affected by some "red leak", which allows a significant amount of near-UV and visible light into the instrument (Boffi et al., 2008) . In our images, these photons hitting the detector result from the Rayleigh scattering of the solar light by Jupiter's neutral atmosphere. As a consequence, the planetary limb is particularly crisp in the images, as it corresponds to the visible limb at the 1 bar level. Hence, this originally unwanted solar reflection actually constitutes a valuable reference to estimate the altitude of auroral emissions above the limb (see discussion in Bonfond et al., 2009) . In order to measure the altitude of the main emission in ACS images, we follow the procedure described by Bonfond et al. (2009) . We extract successive cuts across the auroral emissions in such a way that each profile intercepts the planetary center. The scan angle is defined so that 0 • corresponds to the dawn equator and 90 • corresponds to the North Pole. The range of the scan is defined manually in order to only cover the main emission and avoid footprint emissions. For each cut, a vertical profile is extracted and fitted by the sum of two decreasing exponential functions and a Chapman profile of the form
where C is a constant, Z is the altitude, Z 0 is the altitude of the peak, and H is the scale height. The two exponential functions account for the combination of (a) the blurring of the planetary disk by the instrumental point spread function, (b) the molecular and atomic hydrogen airglow, and (c) the extended thermospheric emissions discussed by Cohen and Clarke (2011) . Such a combination of exponential functions has proved to fit the observed residual vertical profile right outside the auroral region adequately. We then subtract the sum of the two exponentials from the observed vertical profile and determine the altitude of the emission peak. In order to avoid signal-to-noise ratio problems, the profiles with a brightness at the peak altitude below one third of the brightness at the 0 km altitude on the original profile are discarded. Profiles containing pixels in the bad row of the detector (i.e., a row of non-functioning pixels) are also discarded. Figure 1 (top panel) shows an ACS image of the northern aurorae on which the main emission is clearly seen above the limb. The middle panel shows the evolution of the peak altitude as a function of the scan angle. In this plot, the altitude of the discarded profiles is set to 0 km. The bottom panel shows the initial observed vertical profile (in black), the sum of the best fit exponential functions in blue and the final vertical profile in red.
If the real peak altitude of the auroral curtain is uniform and if hydrocarbon absorption is negligible, then geometry implies that the apparent peak altitude as seen from HST reaches a maximum in the limb plane. The corresponding observed vertical profile is thus the real vertical profile and the corresponding peak altitude is the real one as well. For each sequence of ACS observations (also known as HST orbits), two images are selected: one with the F115LP filter and one with the F125LP filter. For sequences during which only one filter was used, only one image is selected. Figure 2 shows the peak altitude as a function of the central meridian longitude (CML) for all the images. With a typical peak altitude of 400 ± 20 km in the nightside (for a 95 % confidence level), our results are significantly different from the 250 km obtained by Galileo-SSI in the post-dusk side. Table 1 shows the means and the standard deviations of this measured maximum peak altitude according to hemisphere and filter. No clear discrepancy is found whatever the filter or the hemisphere under consideration.
We followed the same procedure as Bonfond et al. (2009) to model the observed vertical profile using the Monte Carlo numerical model of electron transport from Shematovich et al. (2008) and the pressure-temperature relationship derived from the auroral atmosphere profile from Grodent et al. (2001) . Figure 3 and Table 2 show that either a monoenergetic or a Maxwellian distribution with a mean energy of ∼ 30 keV already provides convincing fits of the observed profile when they are convolved with the instrumental point spread function. A Kappa energy distribution could also be used to fit the profile, but this added level of complexity only marginally improves the quality of the fit. The mean energy we obtain (around 20-35 keV) is at the lowest end of the range of previous estimates of the electron energy for the main emission based on the color ratio method (i.e., between 30 and 200 keV) (Gustin et al., 2004; Gérard et al., 2014) . It is nevertheless noteworthy that the vertical distribution of hydrocarbons on the polar atmosphere of Jupiter is poorly constrained by direct observations and that different sets of hypotheses lead to somewhat different values (Gérard et al., 2014) . Should the actual methane homopause be located at a higher altitude than assumed by the models used to derive energies from the color ratios, then the results provided by this method would overestimate the actual electron energies. Contrary to the color ratio method, the limb measurement method is basically the same for both the Galileo-SSI images and the present HST-ACS images, as it consists of measuring the maximum vertical shift between the limb and the brightness peak. Hence, there are two possibilities. The first one is that the discrepancy in the altitude of the main emission between the FUV and the visible peak altitudes is real. Assuming that the five Galileo-SSI measurements are typical, this would indicate that the energy of the precipitating electrons is larger on the dusk side than on the nightside. The second possibility is that the apparent FUV vertical profiles observed by HST are affected by the hydrocarbon absorption at low altitude. This absorption at the bottom of the profile would artificially raise the observed peak altitude above the methane homopause.
A simulation of this effect, using the auroral atmosphere profile from Grodent et al. (2001) , is shown in Fig. 4a . This simulation assumes that the main emission seen above the limb is a thin curtain in the limb plane and uses a typical auroral spectrum made of H 2 Werner and Lyman bands. It then accounts for the wavelength-dependent absorption along the line of sight as a function of the altitude above the limb to compute the apparent vertical profile based on a prescribed emission profile. The two main FUV absorbing molecules in the Jovian atmosphere are CH 4 , with a cross section that abruptly rises below 140 nm, and C 2 H 2 , which displays a much more complex cross section across the whole FUV domain. The left panel of Fig. 4a shows two realistic prescribed emissions profiles peaking at 250 and 400 km. Apparent profiles, i.e., the profiles seen by an Earth-based observer after absorption along the line of sight, are shown in the middle and the right panels. The absorption is wavelength dependent and, for the sake of the example, these profiles account for the throughput of the F125LP filter of the ACS camera. The right panel curves also account for the instrumental point spread function (PSF). It can be seen that, because of the strong absorption by CH 4 and C 2 H 2 molecules at low altitude, the two apparent profiles end up to be very similar, especially after convolution by the PSF. As a conclusion, our model shows that the apparent vertical profile deduced from the FUV images alone cannot allow us to derive the vertical emission profile for the nightside main emission because the apparent peak altitude is too close to the methane homopause (acknowledging that the ACS-SBC plate scale typically corresponds to ∼ 130 km at the distance of Jupiter). Indeed, if the emission peak was located much higher, then only the bottom part of the apparent vertical profile would be attenuated, but the location of the brightness peak altitude would remain unchanged.
Far-UV spectra above the limb
One possible way to resolve the ambiguity raised in the previous section would be to search for absorption signatures in spatially resolved FUV spectra, such as those obtained with the G140L grating of the Space Telescope Imaging Spectrograph (STIS). This observing mode offers spatially resolved spectroscopy in the range from 115 to 170 nm. The slit length covers 25 arcsec and the width used to observe Jupiter in the FUV is either 0.2 or 0.5 arcsec. Although it is expected that observations of a light source at slant angles accumulate more absorbing molecules along the line of sight, the spectral observations of the auroral emissions at the limb usually bear less absorption signatures than those located closer to the center of the planetary disk (e.g., Gustin et al., 2004; Gérard et al., 2014) . These weak absorption signatures observed above the limb suggests that the nightside main emission actually takes place at relatively high altitude. However, the representativeness of the few spectra found in the literature is not clear. Hence, in the present study, we revisit the whole observation set gathered from 1997 to 2014 with STIS.
Our study requires the selection of spectra capturing the main emission above the limb. This criterion rules out spec- tra intersecting the main emission at an ansa or not intersecting the main emission at all. The location of the slit of the spectrograph relative to the aurora cannot be deduced from the spectral data alone because of the pointing uncertainties. Accordingly, we only use spectra for which a context auroral image was acquired a few minutes before or after the spec- Figure 5 . Example of a reconstructed STIS image corresponding to a spectral observation. The white rectangle represents the location of the slit. The spectral profile (thick line) versus the pixel number is shown on the side plot and the best fit profile from the reconstructed image is shown by the thin line. This image clearly shows that the slit is not normal to the limb and that any point on a profile along the slit mixes emissions from different altitudes.
tral exposure. In order to account for the time delay between the imaging and the spectral information, cylindrical projections of these context images are back-projected accounting for the planetary rotation (see Fig. 5 ). Brightness profiles extracted from the reconstructed images are then compared to the brightness profile along the slit in order to retrieve the location of the slit relative to the aurora. The localization of the slit position also allows the computation of the angle between the slit and the normal to the local limb. It should, however, be noted that the correspondence between the profiles is not always very good because of the temporal variability in the polar emissions. As a consequence, we estimate the uncertainty regarding the determination of the angle to lie around a few degrees. Unfortunately, no HST spectral observation has been carried out with the slit exactly perpendicular to the limb (see Table 3 ). When we include the C 2 H 2 absorption in our model, we note that even emissions at wavelength longer than 140 nm are significantly absorbed. Because of the slit tilt angle and the finite slit width, the brightness at a specific point along the slit is the result of the accumulation of light from different altitudes along the line of sight (see Fig. 5 ). Emissions from low altitude, which have a high color ratio but are dim because they are strongly absorbed by C 2 H 2 , are thus mixed with less absorbed emissions orig- Table 3 . List of the STIS G140L spectral observation used to determine the shift between the H 2 brightness peak locations in the 123-130 nm range and the 155-162 nm range. The angles between the slit and the normal to the local limb are noted in the third column. The fourth column indicates the shift between the unabsorbed and the absorbed brightness peaks as measured in pixels in the spectra. Finally, the fifth column displays a conversion of these shifts into kilometers, accounting for the cosine of the angle. Dates are given in the format of mm/dd/yyyy. inating from a higher altitude. The contamination by higheraltitude emissions can be such that the total absorption signature is strongly dampened. Figure 4b shows the comparison between the color ratio profile for a profile peaking at 400 and 250 km for five slit tilt angles ranging from 0 to 45 • . At 0 • the color ratio profile is the same for the two emission profiles, and it rises steeply around 350 km. As the angle increases, the color ratio profiles become increasingly different and they increase much less sharply with decreasing altitudes. This geometrical effect could explain the relatively low values observed at the limb for previously published color ratios. Moreover, in practice, uncertainties regarding the slit angle, the impact of the point spread function, and contamination by nonauroral emissions (such as airglow emissions or solar light reflection) at the bottom of the profiles (i.e., below 200 km) result in ambiguities concerning the actual amount of absorption. Fortunately, another parameter may provide more robust evidence of methane absorption in the spectral observations: the shift between the apparent brightness in the 123-130 nm range (absorbed by CH 4 ) and the 155-162 nm range (not absorbed by CH 4 ). Figure 4c shows the simulated observable brightness profile for these two wavelengths, assuming the same emitted profile peaking at 250 km as in Fig. 4a , for slit angles of 0, 26.6, and 45 • . Although the increasing angle results in a smoothing of the pair of curves and a shift in the peak locations, the relative location of the peaks slightly increases as the secant of the angle. Nevertheless, at larger angles, the smoothing of the profiles will make the identification of the peaks increasingly problematic in practice, due to the limited signal-to-noise ratio in the spectra. Thus, in Table 3 , which summarizes our results, observations at angles larger than 45 • are excluded. The shift between the two observed peaks ranges between 0 and 3 pixels, which corresponds to vertical distances of 0 to 185 km with an average value of ∼ 90 km. Individual results should be considered carefully because of the limited signal-to-noise ratio. But the fact that the shift is systematically greater than or equal to 0 km and the relatively low dispersion of the results indicate that the mean value is robust. According to our simulations, a 90 km shift would be compatible with a brightness peak at 250 km.
As a conclusion, absorption signatures at the limb are actually clearly distinguishable in the form of a shift between the absorbed and unabsorbed brightness profiles. This suggests that the preliminary results from the section above concerning the apparent vertical profile of the main emission could overestimate the peak altitude and thus underestimate the mean energy of the precipitating electrons. The effect of absorption could even reconcile the Galileo-SSI measurements and the HST-ACS measurements. It should, however, be noted that the altitude measurements are made in the limb plane, while the spectra are acquired at a random location on the nightside. Should the main emission auroral curtain be located behind the limb plane, which is likely, then it would be possible for emissions actually peaking at 400 km to display both an apparent peak at 400 km and some significant absorption. Hence, present data does not allow us to reach a firm conclusion on that matter. It would require a spectral scan with the slit as perpendicular as possible to the limb to verify whether the peak shift between absorbed and unabsorbed emissions persists all along the limb.
Discussion and conclusions
Observational evidence indicates that the current density, the precipitated energy flux, and the electron energy are correlated (Gustin et al., 2004) . Moreover, as more energetic particles deposit their energy deeper into the atmosphere, the measurement of the auroral vertical profile reflects the energy distribution of the precipitating particles.
The HST image processing method used for estimating the altitude of the Io footprint at Jupiter and the main oval emission at Saturn ) is used here for measuring the altitude of the Jovian main emission. The apparent peak altitude of the main emission above the limb is ∼ 400 km, which clearly differs from the altitude of the Io footprint tail, which peaks at 900 km and exhibits a wider spread (see the green profile in Fig. 2) . Such discrepancies most probably reveal a different acceleration mechanism as the main emission is associated with the buildup of a field-aligned potential leading to a narrow energy distribution (e.g., Ray et al., 2012) . On the other hand, the Io footprint is thought to stem from electron acceleration by inertial Alfvén waves leading to a broader energy dispersion (Hess et al., 2013) . While a kappa distribution was necessary to fit the observed profile of the Io footprint, a monoenergetic or a Maxwellian energy distribution with a mean energy of ∼ 30 keV would suffice to explain the main emission observations. Such a value is at the lower end of the 30-200 keV energy range derived from the color ratio on the dayside (Gustin et al., 2004) .
More importantly, the peak altitude measured in the FUV domain on the nightside (400 km) is significantly higher that the peak altitude measured in visible light on the post-dusk side (250 km) but lower than the altitude observed in the infrared for the H 2 quadrupolar emissions (590-720 km). The vertical profiles in these three wavelength domains are expected to peak at similar altitudes because these emissions are largely dominated by electron impact excitation, mostly with secondary electrons. It is thus the altitude at which these secondary electrons are formed that controls the emission profile, whatever the wavelength. This is particularly true for the FUV emissions, which are essentially related to H 2 Werner and Lyman bands emissions and H Lyman-α line emissions. It is also true for the mid-UV to visible range, which is related to the combination of (1) H 2 A→B continuum emissions, (2) of strong lines related to the radiative decay of gerade singlet states of H 2 and (3) of members of the H Balmer series resulting from the dissociative excitation of H 2 (James et al., 1998 (Cravens, 1987) . Assuming that the electron impact excitation process is dominant, one would expect the excitation profiles for all three wavelengths to be fairly similar, but the lifetime of this vibrational excitation of H 2 is relatively long (∼ a few tenths of a second; Uno et al., 2014) . As a consequence, the collisional deactivation would increasingly supersede the radiative deactivation as the pressure increased. Radiative deexcitation would thus be very unlikely at a low altitude. Both the excitation by the dissociative recombination of H + 3 and the collisional deexcitation would conspire to make the H 2 quadrupole emission vertical profile peak at a higher altitude than the visible and UV emission profiles. Further theoretical analyses of the processes associated with the visible and the H 2 quadrupole emissions as a function of the energy of the precipitating electrons could turn out to be very useful to quantitatively explain the observed discrepancy between the different wavelengths.
Should such a study confirm the expected similarity of the FUV and visible vertical emission profiles and should appropriate spectral observations show that the FUV emissions actually peak at 400 km, then the discrepancy between the FUV peak altitude and the visible peak altitude may be interpreted as an indication that the nightside field-aligned currents are lower than the dusk side currents and possibly even lower than much of the dayside currents (except in the discontinuity region). However, the FUV profiles should be handled with caution because they can be affected by hydrocarbon absorption at altitudes below the methane homopause. Our simulations show that an emission profile peaking at 250 km, as observed by Galileo-SSI, could lead to an apparent FUV profile very similar to an emission profile peaking at 400 km. Moreover, a detailed analysis of the FUV spectra from the STIS instrument shows that the generally weak color ratio observed at the limb results from geometrical effects rather than from a weak absorption. The assessment of the shift between the peak altitudes of the emissions in the 123-130 nm range (i.e., absorbed by CH 4 ) and in the 155-162 nm range (i.e., not absorbed by CH 4 ) is a much more reliable way to detect absorption signatures above the limb and provides evidence for significant absorption compatible with a peak altitude of around 250 km. Unfortunately, this observation does not rule out every ambiguity, as there is no certainty that the spectra in our data set capture the emission above the limb at the exact location where the main emission intersects the limb plane. Emissions taking place at a high altitude but beyond the limb rather than at the limb would still show some absorption signature because the line of sight would intersect the limb plane at a lower altitude.
In conclusion, our measurements provide a maximum value for the FUV peak altitude of the main emission on the nightside (400 km). However, a careful analysis of the spectral absorption signatures shows that these measurements are not incompatible with earlier measurements (250 km) and calls for systematic spectral observations along the limb with a proper slit orientation.
